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EXHIBIT A 



Journal of Cellular Biochemistry 74:544-550 (1999) 



Increased G1 Cyclin/cdk Activity in Cells 
Overexpressing the Candidate Oncogene, MCT-1 

1. Dierov, M. Prosniak, G. Gallia, and R.B. Gartenhaus* 

Center for NeuroVirology and NeuroOncology, MCP Hanhemann School of Medicine, Philadelphia, 
Pennsylvania 19102 



Abstract We have recently identified a novel candidate oncogene, MCT-1, in the HUT 78 T-cell line. When 
overexpressed in NIH3T3 fibroblasts, the MCT-1 gene shortens the G1 phase of the cell cycle and promotes 
anchorage-independent growth. Progression of cells through a late G1 phase restriction point is regulated by G1 cyclins 
whose phosphorylation of the retinoblastoma gene product facilitates entry into S phase. Deregulated expression of G1 
cyclins and their cognate cdk partners is often found in human tumor cells. In order to address the potential relationship 
of MCT-1 to cell cycle regulatory molecules, we analyzed the ability of MCT-1 overexpression to modulate cdk4 and 
cdk6 kinase activity in NIH3T3 fibroblasts constitutively overexpressing MCT-1. We observed an increase in the kinase 
activity of both cdk4 and cdk6 in asynchronously growing transformed cells compared with the parent cells. This 
increased kinase activity was accompanied by an elevated level of cyclin D1 protein and increased G1 cyclin/cdk 
complex formation. We also observed a correlation between increased protein levels of MCT-1 with cyclin D1 
expression in a panel of lymphoid cell lines derived from T-cell malignancies. These results demonstrate that constitutive 
expression of MCT-1 is associated with deregulation of protein kinase-mediated G1 phase checkpoints. J. Cell. Biochem. 

74:54 4-5 50, 1 999. 1999 Wiley-Liss, Inc. 
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Tumorgenesis is a multistep process with a 
causal relationship between the accumulation 
of genetic abnormalities and more aggressive 
clinical behavior [Fearon et al., 1990; Califano 
et al., 1996]. In many tumors, amplification of 
critical growth-inducing genes is frequently ob- 
served with the abrogation of Gl phase check- 
points [Lammi et al., 1991; Motokura et al., 
1991]. We have recently isolated MCT-1, a novel 
candidate oncogene using the arbitrarily 
primed-polymerase chain reaction method (AP- 
PCR) [Prosniak et al., 1998]. There was a re- 
gion of sequence homology between the N-ter- 
minus of the MCT-1 predicted polypeptide and 
the C-terminal region of cyclin H [Prosniak 
et al., 1998], a region important for protein- 
protein interactions [Andersen et al., 1997]. 
Overexpression of the MCT-1 gene significantly 
shortened cell doubling time and transformed 
NIH3T3 fibroblasts in vitro. This was accompa- 
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nied by a significant reduction in the Gl phase 
of the cell cycle, consistent with the involve- 
ment of MCT-1 in cell cycle progression 
[Prosniak et al., 1998]. Distinct cyclin/cdk com- 
plexes are formed at different phases of the cell 
cycle with activation of their cognate kinase 
activities. Progression of cells through a late Gl 
phase restriction point is regulated by Gl cyc- 
lins whose phosphorylation of the retinoblas- 
toma and related gene products facilitates en- 
try into S phase [Sherr, 1994]. Deregulated 
expression of Gl cyclins and their cognate cdk 
partners is often found in human tumor cells 
[Lammie et al., 1991; Motokura et al., 1991]. 
We speculated that MCT-1 might have an effect 
on protein kinase-mediated Gl phase check- 
points. A common perturbation in Gl -associ- 
ated cyclins is overexpression of the cyclin Dl 
molecule, which has been shown to contribute 
to the oncogenic transformation of cells both in 
vivo and in vitro [Jiang et al., 1993; Lovec et al., 
1 993] . In order to address the potential relation- 
ship that MCT-1 might have with cell cycle 
regulatory molecules, we analyzed the ability of 
MCT-1 overexpression to modulate cdk4 and 
cdk6 kinase activity in NIH3T3 fibroblasts con- 
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stitutively overexpressing MCT-1. We also ex- 
amined the levels and composition of the Gl-S 
phase cyclin/cdk complexes in transformed fibro- 
blasts. 

MATERIALS AND METHODS 
IMIH 3T3 Cell Culture and DNATransfection 

Stably transfected NIH3T3 cell lines constitu- 
tively expressing MCT-1 (pCMW-MCT-1) or vec- 
tor control (pCMV) transfected NIH3T3 cell 
lines were selected after growing in DMEM 
supplemented with 10% heat-inactivated calf 
serum, penicillin, streptomycin and 1,000 pg/ml 
geneticin (G418) (Gibco, Grand Island, NY) for 
2 weeks, as previously described [Prosniak et 
al., 1998]. Individual clones of transfected cells 
were obtained by limiting dilution. Transient 
assays were performed using the Lipofect- 
amine method according to the supplier's in- 
structions (GIBCO). Briefly, an expression vec- 
tor with an HA tag at the N-terminus of MCT-1 
(pcDNA-HA-MCT-1) was constructed by clon- 
ing into pcDNA3-HA the coding cDNA for MCT-1 
into the BanMl and EcoRX sites, creating a 
fusion protein HA-MCT-1. Transfected cells 
were analyzed 48 h later for the fusion protein 
HA-MCT-1. 

Lymphocyte Cell Lines 

PBL (peripheral blood lymphocytes) were pre- 
pared from whole fresh blood of healthy donors. 
Mononuclear cells were isolated by centrifuga- 
tion over Ficoll (Organon Teknika, Durham, 
NC) cultured for 48 h in RPMI 1640 medium 
containing 20% FCS, 100 U/ml penicillin, 100 
pg/ml streptomycin, 2 mM L-glutamine, and 
1.0%phytohemagglutinin (PHA) (Gibco; Grand 
Island, NY). The nonadherent cells, PBL were 
viably frozen for further analysis. 

IL-2-independent cell lines included C10MJ, 
MT-2, Hut 78, H-9, HUT 102, DA 202, and 
C91PL (Advanced Biotechnologies, Columbia, 
MD). They were all grown in RPMI 1640 me- 
dium containing 10% FCS, 100 U/ml penicillin, 
100 pg/ml streptomycin and 2 mmol/L gluta- 
mine (Gibco). IL-2-dependent cell lines Nil 85 
and N1186 [Berneman et al., 1992] were grown 
in the same culture conditions as above with 
the addition of recombinant interleukin-2 (IL-2) 
(40 U/ml) (Gibco). 

Immunoprecipitation and Immunoblotting 

Cell pellets were lysed with lysate buffer; 10 
mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 



0.1% SDS, and 150 mM PMSF. Total protein 
concentration in each sample was determined 
using a micro BCA method (Pierce, Rockford, 
IL) according to the manufacturer's instruc- 
tions. Equal amounts of whole cell lysate (50- 
100 pg) was resuspended in 5 ml TBS contain- 
ing 1 pg~ ml leupeptin, 1 pg/ml aprotinin, 0.01% 
PMSF, 0.01% TPCK, 0.01% TLCK, 0.1% Na 
Azide and 1% NP-40 (Sigma, St. Louis, MO). 
Samples were precleared with Protein-G beads 
(Gibco) and either normal rabbit or mouse se- 
rum (1:1,000 dilution). Immunoprecipitation 
with cyclin Dl was carried out for 12 h at 4°C. 
Immune complexes were precipitated with 1-5 
pg antibody and Protein-G agarose then heated 
at 95°C for 5 min in sample buffer containing; 
93 mM Tris pH 6.8, 3% SDS, 1.1 mM B- 
mercaptoethanol 0.03% BPB, and 15% Glycerol 
(Sigma). Eluant was analyzed on a denaturing, 
reducing SDS-PAGE and transferred to sup- 
ported nitrocellulose paper by electroblotting. 
Filters were incubated with (1-5 pg) one of the 
following antibodies; cyclin Dl, cdk4, cdk6, 
PCNA, and p21. Secondary antibody used was 
either an anti-mouse or anti-rabbit horseradish 
peroxidase (HRP)-linked whole antibody. Che- 
miluminescence was then performed with ECL 
(Amersham Life Science, Arlington Heights, IL) 
according to the manufacturer's instruction. 

Immune Complex Protein Kinase (CDK4 and 
CDK6) Assay 

Pellets from NIH3T3 cells were lysed with 
lysate buffer; 10 mMTrispH 7.4, 150 mM NaCl, 
1 mM EDTA, 0.1% SDS, and 150 mM PMSF. 
Total protein concentration in each sample was 
determined using a micro BCA method (Pierce, 
Rockford, IL) according to the manufacturer's 
instructions. We then transferred a 50-pg cell 
extract to microfuge tube (total volume in 500 pi 
IP buffer). Immunoprecipitations were carried 
out by incubation overnight at 4°C with 2.5 pg 
of mouse monoclonal cdk4 antibody or cdk6 
antibody, followed by incubation for 4 h with 25 
ml of protein G-agarose beads. Precipitated pro- 
tein pellets were washed 3 times with ice-cold 
kinase lysis buffer and then resuspended in 20 
ml of ice-cold kinase buffer [50 mM HEPES (pH 
7.5), 80 mM [^-glycerophosphate, 2.5 mM ethyl- 
eneglycol bis (b-aminoethyl ether)-N,N,N ,N - 
tetraacetic acid (EGTA), 10 mM MgCl 2 , 1 mM 
DTT, 2.5 mM phenylmethylsulfonyl fluoride, 60 
KlU/ml aprotinin, 10 pg/ml leupeptin, 10 mm 
cyclin AMP-dependent protein kinase-inhibi- 
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tory peptide] (Sigma). A 12-ml of reaction mix 
containing 10 uCi [7- 3;! P]ATP (-3,000 Ci/mmol; 
Amersham), 25 raM unlabeled ATP, and 200 ng 
Rb protein as substrate were added to each 
sample and incubated at 30°C for 15 min. 
GST-Rb was expressed and purified as previ- 
ously described [Meyerson and Harlow, 19941. 
Kinase reactions were stopped by the addition 
of an equal volume of 2x SDS sample buffer 
[4% SDS, 150 mM Tris-HCl (pi I 6.8), 20% glyc- 
erol, 0.02% bromophenol blue, 2 mM sodium 
vanadate] and by boiling for 5 min. Proteins 
were separated by electrophoresis in 10% SDS- 
PAGE; gels were dried and then autoradi- 
ograped. 

Antibodies 

The monoclonal and polyclonal antibodies 
anti-cyclin Dl (HD11), anti-PCNA (PC 10), anti- 
p21 (F-5), anti-cdk4 (H-303), and anti-cdk6 (H- 
230 were obtained from Santa Cruz Biotechnol- 
ogy (Santa Cruz, CA). Polyclonal MCT-1 
antibodies were generated by inoculating rab- 
bits with a synthetic peptide corresponding to 
the first 20 amino acids at the N-terminus of 
MCT- 1 . The immune sera was provided by Re- 
search Genetics (Huntsville, AL) . 

Western Blot 

Cells in culture (5-10 X 10 6 ) were washed 
three times with PBS. Cell pellet was lysed 
with lysate buffer; 10 mM Tris pH 7.4, 150 mM 
NaCl, 1 mM EDTA, 0.1% SDS, 150 mM PMSF 
(Sigma). Total protein concentration in each 
sample was determined using a micro BCA 
method (Pierce), according to the manufactur- 
er's instructions; 25 pg of total protein per 
sample was fractionated by electrophoresis in a 
tris-glycine PAGE gel (Novex, San Diego, CA). 
Under denaturing, reducing conditions. Trans- 
fer to supported nitrocellulose paper was per- 
formed using a Millipore electroblotting appara- 
tus (Millipore, Marlborough, MA). Replicate 
filters were incubated either with anti-cyclin 
Dl antibody or MCT-1 immune sera. Chemilu- 
minescence was performed with ECL (Amer- 
sham Life Science, Arlington Heights, IL) ac- 
cording to the manufacturer's instruction. The 
filters were then exposed to X-ray film and 
bands were quantitated by laser densitometry 
using a personal densitometer (Molecular Dy- 
namics, Sunnyvale, CA). 



Focus Forming Assay 

Stable transfectants and parent cell line were 
grown to near-confluence then plated in 100-mm 
tissue culture dishes at a density of 0.5 X 10 6 
cells. The cultures were refed every 5-6 days, 
the number of transformed foci was determined 
2 weeks later. Focus formation and morphologic 
changes were visualized both by the naked eye 
and by microscopy after a 1-h incubation with 
Coomassie blue. All experiments were repro- 
duced at least three times with each DNA trans- 
fected. 

RESULTS AND DISCUSSION 

The progression of cells through the late Gl 
phase restriction point is controlled by Gl cyc- 
lins, including D- and E-type cyclins and their 
cognate cyclin-dependent kinases [Sherr et al., 
1994]. The D type cyclins form complexes with 
either cdk4 or cdk6 [Baldinetal., 1993]. Overex- 
pression of cyclin Dl can shorten the Gl inter- 
val of the cell cycle, reduce cell size and trans- 
form cells both in vitro and in vivo [Jiang et al., 
1993; Lovec et al., 1993]. In a similar manner, 
cells constitutively expressing MCT-1 have a 
shortened Gl interval and can grow in an an- 
chorage-independent manner. We therefore 
wished to examine the potential impact of 
MCT-1 overexpression on protein kinase-medi- 
ated Gl phase checkpoints. Employing NIH 
3T3 fibroblasts constitutively expressing MCT-1, 
we examined the kinase activity of two cyclin 
Dl -associated cdks: cdk4 and cdk6. Further- 
more we determined the level of cyclin Dl pro- 
tein as well as its subunit association with 
cdk4, cdk6, PCNA, and p21. 

The steady-state protein levels of MCT-1 in 
NIH3T3 cell lines stably transfected with 
pCMV-MCT-1 or control vector (pCMV) as well 
as the parent cell line were analyzed using 
Western blot analysis. We observed a 20-kd 
band of increased intensity in cell lysates from 
NIH3T3 fibroblasts transfected with pCMV- 
MCT-1 by Western blotting analysis (Fig. 1). 
Similar results were obtained in a transient 
transfection assay using a hemaglutinin (HA) 
tagged protein. We were able to immunoprecipi- 
tate HA-tagged MCT-1 in transfected NIH3T3 
fibroblasts, identifying a band at 20 kd only in 
cells expressing HA-tagged MCT-1 (Fig. 1). 
There was an increased level of cyclin Dl pro- 
tein immunoprecipitated in asynchronously 
growing NIH3T3 cell lines transfected with 
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pCMV-MCT-1 relative to controls (Fig. 2). Since 
both cdk4 and cdk6 associate with cyclin Dl 
during cell cycle progression we investigated 
the complex formation of these molecules, us- 
ing co-immunoprecipitation analysis. As demon- 
strated in Figure 2, there was increased sub- 
unit complex formation in those cell lines 
constitutively expressing MCT-1 relative to con- 
trols. Furthermore, we analyzed the physical 
interaction of PCNA with these complexes. Co- 
immunoprecipitation of cyclin Dl with PCNA 
revealed an increase in this interaction as well 
(Fig. 2). There was no direct physical interac- 
tion detected between MCT-1 and these mol- 
ecules under our assay conditions (data not 
shown). 

Previous studies have demonstrated that ec- 
topic expression of cyclin Dl can induce tran- 
scriptional activation of the p2 1 gene [Hiyama 
et al., 1997]. In normal human fibroblasts, the 
cdk inhibitory protein p21 is found in associa- 
tion with various cyclin/cdk complexes in combi- 
nation with PCNA [Zhang et al, 1993]. There- 
fore, we examined these Gl cyclin/cdk 
complexes for p21. We found p21 to be associ- 
ated with these complexes in those cell lines 
constitutively expressing MCT-1 (Fig. 3). Previ- 
ous studies have established that p2 1 can act as 
a universal inhibitor of cyclin/cdk kinase activ- 
ity [Xiong et al., 1993], Since increased Gl 
cyclin/cdk complexes were observed in our 
MCT-1 overexpressing cell lines we were inter- 
ested in assaying the catalytic activity of cdk4 



and cdk6 in these cell extracts. As shown in 
Figure 4, a markedly increased ability to phos- 
phorylate Rb substrate is observed when in 
vitro immune complex kinase assays were car- 
ried out with either cdk4 or cdk6 immunopre- 
cipitated from the MCT-1 overexpressing cell 
lines. This supports a model in which cyclin/cdk 
complexes containing a single p21 molecule are 
not inhibited, but instead allows the stable 
complex formation with cyclin Dl, cdk and 
PCNA [Zhang et al., 1994; Harper et al., 1995]. 

Using a focus forming assay, we demon- 
strated the ability of MCT-1 overexpressing cell 
lines (pCMV-MCT-1) to form foci composed of 
smaller cells that grew in clusters when com- 
pared to the parent NIH3T3 and vector alone 
(pCMV) transfected cells (Fig. 5). These results 
are consistent with earlier work showing that 
fibroblasts overexpressing cyclin Dl have mor- 
phological changes and also grow in clusters 
[Jiang etal., 1993; Wang et al., 1994]. 

Finally, we were interested in determining 
whether T-cell malignancies would show an 
association between MCT- 1 and cyclin D 1 pro- 
tein levels. As demonstrated in Figure 6, a 
number of asynchronously growing T-cell tu- 
mor cell lines show elevated MCT-1 protein 
levels relative to PBL controls. This increased 
MCT-1 protein expression correlated with lev- 
els of cyclin Dl. Interestingly, the two In- 
dependent cell lines NII85 and N1186 while 
having increased levels of cyclin Dl had no 
detectable MCT-1 protein. The HUT 78 cell line 
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Fig. 1. A: Western Blot Analysis of stable cell lines. Steady- 
state MCT-1 protein levels from equal amounts of whole cell 
lysate (50 (Jg) from the indicated cell lines were determined. 
pCMV-MCT-7, pCM V-MCT- 7a, and pCMV-MCT-ip are NIH3T3 
fibroblasts constitutively expressing MCT-1 (pCMV-MCT-7ot-p 
are clonal derivatives obtained by limiting dilution). 3T3 and 



B 

pCMV are the parent cell line and vector control transfectant, 
respectively. B: Analysis of transient transfectants. After immuno- 
precipitating with HA antibody we identified a 20 kd band by 
Western blot only in the IP lysate from pcDNA-HA-/WC7-7- 
transfected NIH3T3 using an anti-/WC7-7 polyclonal sera. 
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Fig. 2. Top, immunoprecipitation of cyclin D1 from MCT-1- 
transformed NIH3T3 fibroblasts. All MCT-1 transfectant's dem- 
onstrated increased levels of cyclin D1 protein relative to con- 
trols. Lower, co-immunoprecipitation analysis of cyclin D1 with 



cdk4, cdk6 and PCNA. Briefly, whole cell lysates (100 |jg) from 
/WC7~-7-expressing cell lines were immunoprecipitated with cy- 
clin D1 antibody then the immunoprecipitate was immunoblot- 
ted with the indicated antibodies as above. 



had the highest level of MCT-1 protein consis- 
tent with gene amplification as previously de- 
scribed [Prosniak et al., 1998]. None of the 
other tumor cell lines analyzed in this study 
had MCT-1 gene amplification (data not shown). 

A striking finding of this study is the strong 
correlation between MCT-1 overexpression and 
elevated cyclin Dl protein levels both in trans- 
fected NIH3T3 and in a panel of T-cell malignan- 
cies. For the first time, we demonstrate the 
endogenous expression of MCT-1 protein. Fur- 
thermore, we also show the biological signifi- 
cance of the genomic amplification of MCT-1 in 
the HUT 78 cell line, since the level of MCT-1 
protein is greatly increased relative to the other 



cell lines without genomic amplification. Our 
data are consistent with MCT-1 potentially act- 
ing through an upstream mechanism (s) involv- 
ing cyclin Dl resulting in the dysregulation of 
Gl cdk activity. It is still unclear how MCT-1 
overexpression pushes cells through Gl but two 
facts are known. When cyclin Dl levels are 
elevated as in cells constitutively expressing 
MCT-1, several genes involved in growth regu- 
lation have been shown to be induced as well 
[Jiang et al., 1993]. The amino terminus of 
MCT-1 has a region of homology with the C-ter- 
minal region of cyclin H [Prosniak et al., 1998], 
a region important for protein-protein interac- 
tions [Andersen et al., 1997]. Cyclin H forms a 
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Fig. 3. Co-immunoprecipitation analysis of the cyclin/cdk com- 
plex in MCT- 7-overexpressing cell lines for p21. After immuno- 
precipitating cyclin D1, immunobloting with an antibody to 
p21 revealed complex formation between the G1 cyclin/cdk 
subunits and p21. All MCT-1 overexpressing cell lines had 
increased p21 binding to the cyclin/cdk complex relative to 
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Fig. 4. Immune complex kinase assay: Extracts (50 |jg) of 
indicated cell lines were immunoprecipitated with either cdk4 
or cdk6 antibodies. Immune complexes were assayed for pRb 
kinase activity. Increased kinase activity in vitro was observed in 
all extracts of pCMV-MCT-7-transfected clones and mass cul- 



ternary complex with cdk7 and MAT1, together 
they form the cdk-activating kinase (CAK). This 
CAK is responsible for activating cdkl, cdk2 
and cdk4 [reviewed in Nigg, 1996]. A plausible 
explanation for the rapid Gl progression in 
MCT-1 overexpressing cells is an enhancement 
of the CAK activity in addition to the increased 
cyclin Dl protein expression. This explanation 
is still hypothetical and additional experiments 
are ongoing in our laboratory to determine 
whether CAK activity is actually enhanced in 
cells overexpressing MCT-1. Furthermore, cyc- 
lin D/cdk4-cdk6 complexes are targeted by both 
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Fig. 5. Focus forming assay. The number of transformed foci 
was determined 2 weeks after plating at low density in 1 00-mm 
plates. Representative coomassie stained plates showing numer- 
ous induced foci in the MCT-1 transfectant's plate, no foci were 
observed in the parent cell line or vector control. Morphologi- 
cally transformed foci were evident at 1 0 days after plating. 



the cip/kip family of CDIs as well as the INK 
family. The potential interaction of MCT-1 with 
these molecules is an area of active investiga- 
tion. Overexpression of MCT-1 results in loss of 
normal cell cycle regulatory controls with an 
increase in Gl cyclin/cdk complex formation. 
While the underlying mechanisms are unclear 
at present, dysregulation of MCT-1 appears to 
be a potent transforming event in vitro when 
constitutively expressed and its level of expres- 
sion is increased in T-cell malignancies relative 
to normal lymphocytes. These observations sup- 
port further investigation in other human ma- 
lignancies to verify its oncogenic potential. The 
fact that IL-2-dependent T-cell lines show ele- 
vated cyclin Dl in the absence of detectable 
MCT-1 protein suggests that Gl mitogens such 
as IL-2 can push cells through Gl/S without 
requiring the involvement of MCT-1. The physi- 
ological signals that regulate the level and func- 
tion of MCT-1 in normal as well as transformed 
cells remain to be established. 
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